Abstract. Polysulfide has been verified to exhibit a strong ability in reducing hexavalent chromium (Cr(VI)). This study prepared CPS by using calcium oxide and sulfur powder to investigate the removal efficiency of Cr(VI) by the self-prepared CPS and the effects of pH and dissolved oxygen of groundwater on the reduction of Cr(VI) by CPS. The results show that the CPS produced by mixing calcium oxide, sulfur powder, and distilled water at a ratio of 1:2:10 and heating the mixture for 60 min can effectively reduce the Cr(VI) in groundwater. This method can be provided to produce the agents required for contamination remediation, which can reduce the monetary cost on purchasing the agents and the amount of carbon emission resulting from long-distance transportation, achieving the goal of green remediation. CPS prepared in this study, the removal rate of Cr(VI) can reach more than 90% when application rate was 200 at sample/CPS volume ratio.
Introduction
Heavy metal contamination in groundwater is a frequent problem observed during the remediation of contaminated sites. Because heavy metal cannot be decomposed, the applicable techniques for improving the groundwater contaminated by heavy metal are limited. For sites with unclear contamination sources and areas, in-situ chemical reduction and stabilization are more applicable.
Hexavalent chromium (Cr(VI)) compounds are widely used materials in the industrial sector. Cr(VI) has high mobility in a general soil and groundwater environment. By contrast, Cr(III) such as Cr(OH) 3 has higher stability, lower mobility, and easier precipitation than Cr(VI) [1] . Cr(VI) is highly toxic to the human body. Cr(III) has crucial function of regulating the metabolism of glucose, lipids, and proteins. Therefore, reducing Cr(VI) into Cr(III) by using the chemical reduction method to lower its toxicity and mobility can be a strategy for remediating Cr(VI) pollution in soil and groundwater.
Dehlawi and Siddiqui (2017) pointed out that polysulfide(CaS x ) is very effective and economically feasible to remove Cr(VI). Calcium polysulfide (CPS) is one type of polysulfide that is currently mainly used for the reduction and stabilization of Cr(VI) [1] [2] [3] [4] . CaS 5 is the main component of CPS, which is a strong reducing agent. CaS 5 aqueous solution is an alkali agent with a pH value of 11-12. When the aqueous CaS 5 solution is added into Cr(VI) contaminated soil or groundwater, CaS 5 reduces Cr(VI) into Cr(III) in an anaerobic environment, generating Cr(OH) 3 precipitates or substances in a stable mineral state. The reduction reaction can be expressed using the following equation [ 
In an aerobic environment, CPS results in the oxidation reaction and generates S 2 O 3 -2 ; the reaction equation is as follows [5] : [3] indicated that elemental sulfur and thiosulfate (S 2 O 3 -2 ) are the main product of the sulfide-chromate redox reaction. Chrysochoou and Ting (2011) [5] contended that the reduction reaction of Cr(VI) by S 2 O 3 -2 only occurs in a highly acidic environment. When the pH value is higher than 2.5, the kinetic constant of the reduction reaction of Cr(VI) by S 2 O 3 -2 was frequently near 0.
CPS, also called lime sulfur, is a natural pesticide frequently used in agriculture in the past. This study self-prepared CPS using calcium oxide and sulfur powder to investigate the removal efficiency of Cr(VI) by CPS.
Research Methods
The production method of polysulfide in this study refers to the preparation method of lime sulfur used by farmers in Taiwan (Wang 2013). This method mixes calcium oxide, sulfur powder, and distilled water at a weight ratio of 1:2:10 and added a small amount of surfactant; the mixture was heated until it boiled to prepare CPS. The heating time was 30 and 60 min, and the CPS generated correspondingly were named L30 and L60. A commercially available CPS product (manufactured by the Shangming Horticultural Company) was used for comparison. At the beginning of this study, the required reaction times for CPS and Cr(VI) had to be determined; thus, the commercially available CPS was used for testing. The testing was performed through batch reaction. The dose of CPS was a volume ratio of sample to CPS of 100. After CPS was mixed with Cr(VI) aqueous for 10 min, the mixture was sampled every 1 h. The results found that 10 min of reaction had led to over 80% of the removal efficiency of Cr(VI). Thus, 10 min was adopted as the reaction time for subsequent experiment.
The samples with Cr(VI) concentration of 100 mg L -1 were prepared using K 2 Cr 2 O 7 of 99% purity. Self-prepared and commercial CPS were added into the samples at various volume ratios of sample to CPS ranging from 1250 to 60. After 10 min of reaction, the water samples were centrifuged, and the supernatants were collected to measure Cr(VI) concentrations. The reaction efficiency of the self-prepared CPS was tested also using the groundwater collected from the Cr(VI) contaminated site.
The pH, oxidation-reduction potential (ORP) were measured during the experiment. The concentration of Cr(VI) in the samples was tested using colorimetry. In an acidic solution with a pH of 2.0, the reaction between Cr(VI) and 1,5-Diphenylcarbazide generated fuchsia-colored substances. A spectrophotometer was used to measure the absorbance of the samples and quantify the concentrations of Cr(VI) at a wave length of 540 nm (LINKO, LKU-5200). The DO, pH, and OPR of the samples were measured using an electrode method.
Results and Discussion

Removal Efficiency of Cr(VI) by Self-prepared and Commercial CPS
At the beginning of this study, aqueous samples containing 100 mg L -1 of Cr(VI) were prepared from reagent water and K 2 Cr 2 O 7 . The pH of the water sample was adjusted to 5 by using HCl, and DO was controlled at 5 mg L -1 through aeration with nitrogen. The commercial CPS and self-prepared L30, L60 CPS were adopted. This study monitored the removal results of Cr(VI) under various application rates of CPS. The change of the Cr(VI) concentration is displayed in Fig. 1 . When the CPS was applied at a sample/CPS volume ratio of 400, the removal rate of Cr(VI) by L30 and L60 were approximately 66% and 70% respectively, whereas that by the commercial CPS was approximately 38%. When the sample/CPS volume ratio was 200, the removal rate of Cr(VI) by L30 and L60 reached approximately 89% and 93% respectively, and that by the commercial CPS was approximately 52%. When the CPS/Cr(VI) mole ratio was 140, the removal rate of Cr(VI) by L30 and L60 almost all achieved 100%, while that by the commercial CPS was only approximately 60%.
Further, this study collected groundwater from a Cr(VI)-contaminated site for testing. The original concentration of Cr(VI) in the contaminated groundwater was 21.9 mg L -1 . The results of Cr(VI) removal from the water samples with various CPS doses are displayed in Fig. 2 . When the sample/CPS volume ratio was 400, the concentration of the residual Cr(VI) in the water sample to which the commercial CPS was applied was 5 mg L -1 ; the removal rate was 77.2%. When the self-prepared L30 and L60 CPS was applied, the concentrations of the residual Cr(VI) were 3.8 and 0.95 mg L -1 , respectively, and the removal rates were 82.8% and 95.7%, respectively. When the volume ratio was 200, the residual Cr(VI) concentration of the water sample to which the commercial CPS was applied was 4.0 mg L -1 ; the removal rate was 81.9%. When the self-prepared L30 was applied, the residual Cr(VI) concentration was 1.5 mg/L; the removal rate was 93.2%. When L60 was used, Cr(VI) was completely removed. When the volume ratio increased to 140, Cr(VI) can also be completely removed by using L30, whereas the water sample to which commercial CPS was administered still had a residual Cr(VI) concentration of 2.0 mg L -1 . 
Effect of CPS on pH and ORP of Samples
This study used the groundwater collected from a Cr(VI)-contaminated site to investigate the effects of self-prepared and commercial CPS on the pH and ORP of the groundwater. The pH and ORP of the groundwater were 8.14 and 27 mV, respectively, and the conductivity was 265 μS/cm. Changes in the pH and ORP of the groundwater after various doses of CPS are displayed in Fig. 3 . When the dose of CPS was applied at a sample/CPS volume ratio of 400, the difference in pH between the sample that was applied commercial CPS and that was applied self-prepared CPS was substantial. As the application rate of CPS increased, the pH difference was non-significant, the pH of the water was approximately 10. When the same dose of CPS was administered, the ORP of the water samples containing the self-prepared CPS (both L30 and L60) was lower than that of the water sample involving the commercial CPS. L30 and L60 led to a similar level of ORP of the water samples. When the volume ratios of sample to self-prepared CPS were 400, 200, and 140, the average ORP were -390, -430, and -456 mV, respectively, whereas the ORP were -305, -397, and -427 mV, respectively, when the commercial CPS was applied. When the sample/CPS volume ratio was larger than 100, the decrease of ORP became less significant. When the volume ratio was 70, the ORP of the water sample involving commercial CPS was approximately -440 mV, and that of the samples involving self-prepared CPS was approximately -470 mV. This result indicates that the CPS prepared in this study had stronger reduction ability than the commercial CPS did. In this study, the self-prepared CPS exhibited superior performance of Cr(VI) removal than the commercial CPS did, it was speculated that the freshness of self-prepared CPS should be the main reason. This result shows that the CPS prepared in this study using the method of mixing calcium oxide, sulfur powder, and distilled water at a ratio of 1:2:10 and heating the mixture for 30 and 60 min can serve as an effective reducing agent for the remediation of Cr(VI) contaminated ground water.
